Microcystis species have attracted attention to cyanobacteriologists because of their production of toxic water blooms [1, 2] . Microcystis aeruginosa is known to produce hepatotoxic cyclic peptides [3, 4] . Isolation and purification of the peptide toxins [5] [6] [7] [8] and investigation of their biological activities have been described [9] [10] [11] .
Little is known, however, about the cell envelope of Microcystis aeruginosa. Regular structured surface layers were reported for Microcystis marginata [12, 13] and Microcystis firma [14] . Recently, the chemical composition of LPS from Microcystis aeruginosa strains was described [15, 16] . In addition to LPS, cell envelope polysaccharides were found in phenol-water extracts of Microcystis sp. cells [16] . This paper describes the chemical composition of purified cell walls, peptidoglycan-associated outer membrane proteins, and of a peptidoglycan-polysaccharide complex found in Microcystis
MATERIALS AND METHODS

Strain and growth conditions
Microcystis sp. PCC 7806 was obtained from the Pasteur Culture Collection (Paris, France) and grown in BG-11 medium, [17] , pH 9.5, supplemented with 3.2 mM sodium bicarbonate, illuminated with white fluorescent lamps (1000 to 2000 Ix), and gassed continuously by air and carbon dioxide (99:1, v/v) at 25 °C. Mass cultures were prepared in 20 1 culture vessels and harvested 18 days after inoculation.
Preparation of cell walls, peptidoglycan-polysaccharide complex, and degradation
Cell walls were separated from cell homogenates by differential centrifugation, sucrose density centrifugation, and Triton X-100 extraction as described previously [18] . Isolation of the peptidoglycan-polysaccharide complex and cleavage by hydrofluoric acid treatment in the cold were performed as described elsewhere [19, 20] . Fragments of the peptidoglycan-polysaccharide complex were formed by partial acid hydrolysis (4 M HC1, 100 ° C, 30 min) and separated by combined twodimensional thin layer electrophoresis and chromatography as described earlier [19] .
Analysis of peptidoglycan-associated proteins and SDS-PAGE
Aliquots (equivalent to 30 /~g protein) of the gradient-purified cell wall suspension (in 20 mM Tris-HC1, pH 8.0) were extracted with a two-fold volume of SDS-PAGE sample buffer (2% SDS, 67.5 mM Tris-HC1, pH 6.8, 10% glycerol, 5% fl-mercaptoethanol) and extracted at different temperatures: 30°C, 50°C, 70°C, 90°C. The SDS-insoluble cell wall fractions representing peptidogtycan layers with associated outer membrane proteins were collected by centrifugation (12 000 X g, 15 rain, 20°C). Both, the respective supernatants containing non-peptidoglycan associated proteins, and the pellets obtained were boiled each for 5 min at 100°C in SDS-PAGE sample buffer and the final supernatants were subjected to SDS-PAGE [21, 22] .
Chemical analyses
Amino acids were determined on an automatic amino acid analyzer, model LC 6001 (Biotronik, Miinchen, F.R.G.) [23] . Neutral sugars (as alditol acetates) and fatty acids (as methyl esters) were analyzed by combined gas-liquid chromatography/mass spectrometry [24] . Protein [25] , organic phosphate [26] , and hexuronic acids [27] were determined colorimetrically.
RESULTS
Chemical composition of cell wall
Major constituents of isolated cell walls from Microcystis sp. PCC 7806 were proteins, LPS, and peptidoglycan-polysaccharide complex (Table 1) . LPS-specific components were 3-OH-14 : 0, 3-OH-16 : 0, 3-OH-18 : 0, and 4-oxo-18 : 0 fatty acids in addition to GIcN. The neutral sugar spectrum resembled that of isolated LPS [16] . However, part of Glc and Man has to be ascribed to the peptidoglycan-bound polysaccharide. Further constituents of the latter are GlcN, ManN, and phosphate (as MurN-6-P) (see below). Trace amounts of hexuronic acids indicated the absence of acidic polysaccharides. The lack of 2,3,4-tri-O-methylpentose and 2,6-di-O-methyl-heptose [16] revealed the absence of external cell envelope polysaccharides from isolated cell wall fractions. Fatty acids such as 14:0, 14: 1, 16:0, 18:0 were derived from membrane lipids. Outer membrane carotenoids were indicated by the deeply yellow colour of the chlorophyll a-devoid cell wall fractions.
Peptidoglycan-associated proteins
Polypeptide patterns of cell walls from Microcystis sp. PCC 7806 were dominated by two outer membrane proteins (M r 49 000 and 52 000) (Fig.  1) . Differential extraction of gradient-purified cell walls with SDS in a temperature range from 30 to 90 o C revealed that both polypeptides were associated with the peptidoglycan by ionic interactions. Dissociation of the polypeptides occurred after SDS-treatment of the isolated cell walls above 70°C. 
Peptidoglycan-polysaccharide complex
The SDS-insoluble cell wall fraction of Microcystis sp. PCC 7806 contained the peptidoglycan components MurN, GlcN, Glu, Ala, A2pm in 49 molar ratios of 0.9 : 1.0 : 1.6 : 1.0 (Table 2 ). In addition, low amounts (0.5%) of protease-digestable, non-peptidoglycan amino acids and compound X, co-migrating with His on the amino acid analyzer, were detected. Further constituents were GlcN, ManN, Glc, Man, and phosphate in molar ratios of 3.9 : 1.6 : 2.5 : 1.0 : 1.0 indicating the presence of a peptidoglycan-bound polysaccharide. The finding of substantial amounts of phosphate together with the detection of a peak co-eluting with authentic MurN-6-P (prepared from Bacillus cereus AHU 1356) on the amino acid analyzer indicated the presence of MurN-6-P.
Degradation of the peptidoglycan-polysaccharide complex
The fragmentation pattern obtained by separation of a partial acid hydrolysate (4 M HC1, 100°C, 30 min) of the peptidoglycan-polysaccharide complex on combined two-dimensional thin layer electrophoresis and chromatography (not shown) revealed striking similarities to those found with other unicellular cyanobacteria [14, 15] . Cleavage of the peptidoglycan-polysaccharide complex with hydrofluoric acid in the cold (48% HF, 0°C, 48 h) yielded a HF-insoluble peptidoglycan fraction and a HF-soluble polysaccharide fraction. The latter showed a relative enrichment of GlcN, ManN, Glc, Man. Insufficient separation of polysaccharide from peptidoglycan might be explained by either incomplete hydrolysis during HF-treatment or by co-sedimentation of the polysaccharide with the peptidoglycan fraction.
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DISCUSSION
The cell wall of Microcystis sp. PCC 7806 has properties in common with other cyanobacteria, combining structural elements from both the Gram-negative and the Gram-positive cell wall types [18, 22] . LPS from Microcystis sp. PCC 7806 is characterized by the occurrence of 3-hydroxy fatty acids (3-OH-14 : 0, 3-OH-16 : 0, 3-OH-18 : 0), 4-oxo-18 : 0 fatty acid, GlcN as the lipid A components and by O-specific neutral sugars and rare O-methyl sugars (2-O-methyl-6-deoxy-hexoses I and II). External cell envelope polysaccharides [16] were not detected in cell wall fractions as indicated by the absence of respective marker components (2,3,4-tri-O-methyl-pentose, 2,6-di-O-methyl-heptose). The outer membrane proteins (M r 49 000 and 52 000) of Microcystis sp. PCC 7806 are in the relatively high molecular mass range (M r 49 000 to 67 000) as known from those of unicellular and filamentous cyanobacteria as well [28] [29] [30] [31] . Their strong association with the peptidoglycan sacculus is in common with porins from various Gram-negative bacteria. However, the finding of a polysaccharide covalently linked to MurN-6-P of peptidoglycan implicates a similar linkage type in Microcystis sp. PCC 7806 as known for certain Gram-positive bacteria such as Bacillus species [32, 33] and unicellular cyanobacteria such as Synechocystis sp. PCC 6714 [20] and Synechococcus sp. PCC 6307 [18] . Carotenoids, indicated by the deeply yellow colour of the cell walls, and lipids (14:0, 14:1, 16:0, 18:0 fatty acids) are minor constituents of the cell wall of Microcystis sp. PCC 7806. Carotenoids as constituents of the outer membrane were also detected in cell walls from various unicellular cyanobacteria [28] [29] [30] .
